The circular dichroism, optical rotatory dispersion, and optical density of a suspension of erythrocyte ghosts are calculated from the measured optical properties of solubilized ghosts by classical general scattering theory (Mie theory). The ghost is represented by a solvent-filled spherical shell 7 nm (70 A) thick and 3.5 sm in radius. The 3-to 5-nm red shifts and unusual band shapes observed in the circular dichroism and optical rotary dispersion of suspensions of the intact ghosts, but not in the solubilized membranes, are reproduced by these calculations. Both differential absorption and differential scatteringof left-and right-circularly polarized light contribute significantly to the calculated circular dichroism spectra. The artifacts of small membrane vesicles are shown to be less than those of intact ghosts. It is concluded that the characteristic anomalies in the optical activity of membrane suspensions are artifactual.
The measurement of optical activity in the far ultraviolet has been valuable in establishing the conformation of many soluble proteins. In the past five years, several investigators (1-8) have sought to extend this technique to obtain similar structural information about the insoluble proteins of cellular membranes. Only recently, however, has it been generally appreciated that optical activity spectra may be strongly dependent upon particle size, because of light scattering and absorption statistics. The resulting distortions in these spectra obscure their molecular informational content; from a biologist's point of view, they are therefore artifacts. In this paper these artifacts are calculated by rigorous classical Mie scattering theory. The calculated spectra agree with observed data.
The circular dichroism (CD) and optical rotatory dispersion (ORD) spectra that have been obtained on suspensions of membranes of rather diverse biological origin are quite striking in their similarity. Their qualitative features are roughly those of a soluble protein of 30-50% a-helix content.
However, the CD and ORD of membrane suspensions consistently differ from those of soluble proteins in two respects: (a) the membrane spectra appear to be shifted to the red by as much as 5 nm (50 A), and (b) the 220-nm CD band appears to be enhanced relative to the 207-nm band.
Some investigators have proposed that these recurrent anomalous spectral characteristics of membranes reflect a common molecular structure or environmental feature shared by the proteins of all membranes. Ji and Urry, (6) were the first to present experimental evidence that these anomalies might instead be artifactual, when they showed that suspensions of poly(iglutamic acid) [(Glu)n] aggregates exhibit the same red shift and distortion in their CD spectra. The experiments of Schneider et al. (8) , which demonstrate both the diminution of these anomalies upon sonication of erythrocyte ghosts and their enhancement in the CD of partially hemolyzed erythrocytes, provide further convincing experimental evidence for a significant artifactual component in the optical activity of membranes. There have also been some attempts to develop a quantitative theory to account for the observed optical activity of membranes (9) (10) (11) (12) (13) (14) ; none of these has been truly satisfactory.
THEORY
The objective of the Mie theory (15, 16) is to calculate the electric field E and magnetic field H that satisfy Maxwell's equations at a large distance from a spherical scatterer exposed to electromagnetic radiation. Every particle is considered to be a discrete, independent scatterer. For application of scattering theory to membranes, a suspension of compound spheres, each consisting of an isotropic spherical core of radius R-A and a surrounding isotropic shell of thickness A, was taken as the simplest realistic model. Mie's theory has been extended to this geometry by Aden and Kerker (17) ; only the major features of their solution are given here. The orthogonality of E and H reduces the problem to finding two independent solutions u and v of the scalar wave equation at all points in space. It is convenient to establish a spherical coordinate system with origin at the center of the particle. In each of the three regions of space, designated 1, 2, and 3 for core, shell, and suspending medium, respectively, the general solution of the scalar wave equation can be expanded as an infinite sum of spherical Bessel functions j.(kr) and spherical Hankel functions of the second kind h,(kr). Here r is the radial coordinate and k is the appropriate complex propagation constant. Each term in these series is weighted by an angular factor and an arbitrary coefficient. The 12 resulting sets of expansion coefficients are determined by the boundary conditions of the model. These conditions are that u and v remain finite as r -. O and vanish as r-o c, and that the normal and transverse components of E and H satisfy the appropriate continuity conditions at inner and outer shell boundaries; these require specification of the complex refractive indices mI, im2, and m3in the three regions.
Abbreviations: CD, circular dichroism; ORD, optical rotatory dispersion; (Glu)n, poly(iglutamic acid); SDS, sodium dodecyl sulfate.
The experimentally important solutions of the wave equation are those for region 3 at very large r. Since the functions j3(2irms/X) have the wrong asymptotic behavior for large r, the solutions u and v in this region are simply sums of h3(2wrmg/X), in which the coefficients are indicated, respectively, by a. and b.. In the forward direction at large distances from the particle (r>> R), the intensity drop (extinction) and phase lag* due to interference of the scattered and incident wave are proportional to the real and imaginary parts, respectively, of E (2n + 1) (a. + bW). The total scatn-1 tered intensity, obtained by integration of scattered intensity over all angles, is proportional to another simple sum, n*i (2n + 1) (1a,12 + Ib.I2). The total absorptive loss is obtained as a difference between the total extinction and the scattering loss. The accuracy of our program for calculating the scattering by compound spheres was checked against independent calculations for dielectric spheres (18) , absorbing spheres (19) , coated dielectric spheres (20) , and hollow, absorbing shells (unpublished results of Battan and Herman, Institute of Atmospheric Physics, University of Arizona, Tucson, Ariz. 85721). In every instance exact agreement was obtained.
The extension of the model to optically active particles follows directly from considerations of symmetry [refs. 14 and 15 (chap. 5)1. For light scattered directly forward (i.e., in the direction of the incident beam) there is no unique scattering plane, so that the only possible sensitivity to polarization must arise from the inherent anisotropy of the scatterer. Therefore, by substituting the complex refractive indices for left-and right-circularly polarized light into the Mie equations, one directly obtains the extinction and phase lag for these two polarizations. The difference between the extinctions gives the CD; the difference in phase lag gives the ORD.
Two limitations of the theory must be mentioned, both of which are found experimentally to be insignificant for suspensions of erythrocyte ghosts:
(a) Multiple scattering is neglected. This assumption is made reasonable by the observation that the optical density (OD), CD, and ORD of erythrocyte ghost suspensions are directly proportional to concentration in the range used experimentally;
(b) It is assumed that the solid angle of scattered light intercepted by the detector is sufficiently small that light scattered at non-zero angles may be neglected. We have found experimentally that the OD and CD of erythrocyte ghosts do not measurably change when the acceptance angle of the detector is severely reduced with an iris diaphragm.
It may be useful at this juncture to contrast our theory, as outlined above, with previous theoretical explanations for the artifacts. Urry and coworkers (9) (10) (11) have presented a semiempirical analysis of the CD of (Glu). aggregates. Although this theory gives a useful qualitative picture of the artifacts, it contains theoretical assumptions about absorption flattening that have been shown to be invalid (13) .
* The extinction and phase lag given by scattering theory are related by the Kronig-Kramers transforms (15) . The same is true of the CD and ORD (14) . This is in contrast with the nonconformity of the CD and ORD with these relations predicted by absorption statistics alone (13) .
A A similar treatment of the CD of erythrocyte ghosts by Glaser and Singer (21) likewise incorrectly assumes that CD and absorbance are flattened by identical factors. Calculation of differential scatter in the Rayleigh approximation for a suspension of 1-&m (Glu). spheres (12) predicts that the artifact greatly exceeds the natural CD.t However, the Rayleigh approximation overestimates the scattering by large particles. The analysis by Gordon and Holzwarth (13) of the absorption statistics artifact is limited by the express neglect of scattering effects and thus offers no explanation for the red shifts observed in membrane optical activity. Finally, Schneider (14) has derived formal scattering matrices of optically active particles, but has not evaluated the matrix elements.
EXPERIMENTAL
Hemoglobin-free erythrocyte ghosts were prepared from freshly drawn human blood by the osmotic hemolysis method of Dodge et al. (22) . Residual hemoglobin was estimated from the absorbance in the Soret region and was generally less than 2% of the total protein. Total protein was estimated by the method of Lowry et at. (23), with bovine-serum albumin as a standard. Ghost suspensions were counted on a Coulter counter at various threshold settings, and the true count was obtained by extrapolating the linear part of the curve (corrected for coincidence) to zero threshold.
The ghosts were divided into two equal aliquots. The first aliquot was suspended in 20 mOsm phosphate buffer at pH 7.40. The second was dissolved in the same buffer, to which sodium dodecyl sulfate (SDS) was added to a final concentration of 0.1%. ( The addition of SDS causes immediate clearing of turbid ghost suspensions.) In this manner it was assured that the ghost solution and suspension were of identical protein content, regardless of experimental uncertainty (about 10%) in absolute protein determination. Optical density was measured on a Cary 15 spectrophotometer. CD and ORD were measured on a Cary 60 spectropolarimeter.
RESULTS AND DISCUSSION
The major obstacle in attempting to account for the observed spectra of erythrocyte ghosts is that one has no reliable data for the optical constants of the membrane material. (If these were known, one would have no need to measure these properties in suspension.) The Mie theory provides for calculation of suspension optical properties from those of the membrane material; however, there is no apparent way of reversing this process. We therefore took the following simple approach, which requires a minimum of un-measured parameters. We calculated the optical properties of spherical shells whose constituents have the known, measured optical properties of ghosts treated with 0.1% SDS, which is known to disperse the ghosts into proteindetergent and lipid-detergent complexes (24) .
The dimensions of the ghost model are taken to be R = 3.5 ,um and A = 7 nm. The core and the medium are each given a fixed refractive index ml = ms = 1.4, corresponding to water in the 190-260-nm region. Since refractive index in UV light is not readily measured, the mean real refractive index of the membrane for unpolarized light is also assumed constant and given the value nma; its dispersion in the ghosts, as in the solvent, is neglected. Although n could be made more realistic by including dispersive effects, this would introduce additional unmeasured parameters into the calculation. We prefer not to do this.
The complex refractive indices m2R and m2L of the membrane for right (R)-and left (L)-circularly polarized light at a given (vacuum) wavelength, X, are now expressed as follows:
where As., is the absorbance of the solution in base e, 4)oo and O0.. are the solution rotation and ellipticity in degrees, h is the path length, N is the (measured) number density of particles in suspension, and V is the particle volume, as given by V = 4Tr (3R2A -3RA2 + A3)/3 The scattering loss, absorptive loss, total extinction, and phase lag for left-and right-circularly polarized light are then calculated by the procedure of Aden and Kerker (17) . From the difference in each of these four calculated quantities for the two opposite polarizations, one obtains the scattering and absorptive terms of the CD, the total CD, and the ORD of the model suspension. These may then be compared to the measured optical activity of the real suspension. Similarly, from the mean values of the same four quantities, The observed CD of a ghost solution and suspension, and the CD curve calculated by the Mie theory for n = 1.20, are shown in Fig. 1 . The CD of the dissolved ghosts is typical of soluble proteins of -40% a-helix content ([01225 =-14,000 deg-cm2/decimol). It displays a peak at 192 um, a crossover at 199 nm, and overlapping negative bands at 207 and 220 am, of which the former is decidedly more intense. On the other hand, the CD bands observed in the suspended ghosts appear to be red-shifted by 3-5 nm from their positions in the solution. Also, the relative amplitudes of the two negative bands are reversed in the suspension. These characteristic anomalies of the observed erythrocyte-ghost CD are reproduced in the CD calculated by the scattering method outlined above. The positions of each of the bands and of the crossover point of the calculated curve are in excellent agreement with the observed CD. The amplitude of the calculated CD is also in quite good agreement with experiment, although it appears to be somewhat low in the 210-230-nm region and high at longer wavelengths; the minor descrepancies probably reflect the neglect of refractive-index dispersion and perhaps possible solvent effects.
A similar display of the ORD of erythrocyte ghosts is shown in Fig. 2 . The ORD spectrum of the dissolved ghosts is not qualitatively distinguishable from that of a soluble protein containing -40% a-helix. The rather intense peak at 199 nm, the pronounced shoulder at 210-220 nm, the 220 nm crossover, and the shallow trough at 232 nm are all fairly typical of such proteins. The ORD of the suspended membranes, however, exhibits the same general 3-5-nm red shift as the CD. Also, the peak is less intense, the trough is shallower, and there is greater rotation in the shoulder region than is seen in the ORD of the solubilized ghosts. As in the case of the CD, all of these anomalies are quite well reproduced in the ORD calculated by Mie theory.
One may ask how sensitive the calculated curves of Figs. 1 and 2 are to the parameters R, A, and n, and how nonsphericity of real suspended particles may influence the scattering. Total CD and conditions as in Fig. 1. (-) , OA; (---@) Gs;-( ), OT. pm, the calculated CD and ORD are quite insensitive to R.
Moreover, the choice of A for the erythrocyte ghost is not critical, provided that n-1 is changed proportionately.
The CD and ORD spectra of a 3.5-,um ghost calculated for the rather extreme choice of A = 3.5 nm and n = 1.40 agree closely with the curves for A = 7 nm and n = 1.20. Although we cannot dismiss the possibility of complications due to biconcavity of the ghost surface, these observations strongly suggest that the CD and ORD of randomly oriented nonspherical shells, all external dimensions of which exceed 1 pm, will not differ measurably from the corresponding spectra of true spherical shells. The choice of n and the neglect of its dependence on wavelength in Figs. 1 and 2 might appear arbitrary. However, parallel calculations for n = 1.12 and 1.33 show only modest sensitivity to choice of n. The distortions were somewhat more prominent for n = 1.33 and less prominent for n = 1.12. The neglect of dispersion in n might appear to be more serious, since the calculations are performed in an absorptive region. However, application of the Kronig-Kramers trans- forms to the measured absorption spectrum of the SDStreated material shows that the 190-nm absorption band contributes a maximum variation in n of only 0.09. Thus, the wavelength-dependent variations in n will fall within the range of n already explored.
We have seen that the calculated anomalies are quite insensitive to the choice of R, A, and n; one may then seek the physical origin of the effects. The breakdown of the calculated erythrocyte-ghost CD into absorptive and scattering terms, displayed in Fig. 3 , provides insight into the source of the anomalies. The absorptive term resembles the CD of the solution, but in rough agreement with considerations of absorption statistics (13, 25) , it becomes increasingly flattened as one scans toward shorter wavelengths. The scattering term, in rough agreement with the results of Urry et al. (10, 11) and of Ottaway and Wetlaufer (12) , resembles the ORD curve in shape. Absorption statistics and scattering both make important contributions to the total CD spectrum. The red shift is almost entirely a result of scattering. Both artifacts contribute to the flattening of the 207-nm band relative to the band at 220 nm. The two artifacts oppose each other in the region X <200 nm, s0 that the solution and suspension differ little in the amplitude of their positive CD band in this region. It has been shown experimentally that sonication of ghost suspensions generates small solvent-filled vesicles for which the CD anomalies are much reduced (8) . In Fig. 4 Schneider (14) , no such artificial separation of these two artifacts is made.
Proc. Nat. Acad. Sci. USA 68 (1971) Although the optical activity of membranes is of much greater interest than their absorption spectra, comparison between observed and calculated OD can provide useful insight into the limitations of the Mie calculations. Unfortunately, optical-density calculations, unlike those of optical activity, are quite sensitive to choice of real refractive index n for the membrane. This is illustrated by Fig. 5 , which shows the measured solution and suspension spectra, as well as calculated spectra, for n = 1.12, 1.20, and 1.33. It can be seen that a value of n between 1.0 and 1.2, with appropriate dispersion, would fit the observed data.
Mie scattering calculations for solid spheres of optically active material (Gordon, 1971 ; manuscript in preparation) reveal artifacts similar to those reported here for thin spherical shells. Indeed, such artifacts are likely to be present in the CD curves of other optically active, scattering particles such as viruses and ribosomes; one may anticipate that the scattering term will resemble the ORD of the particles. It should be noted that these artifacts are not instrumental; they originate in the optical activity of the scattering particle. The same artifacts are not expected for optically inactive scatterers in a dilute optically active solvent or for tandem cells of scatterer and optically active solution.
In conclusion, the agreement between the calculations for the ghost model and the observed data argues for two distinct points: (a) that Mie scattering leads to substantial effects on the optical properties of particles the size of erythrocyte ghosts, and (b) that the average intrinsic optical properties of the ghost material must be quite similar to those of the SDS-treated ghosts. However, one cannot claim that the dilute detergent has no effect whatever on the conformation of membrane proteins. One might, for example, hypothesize from the difference between observed and calculated ghost CD at 223 nm that a small loss of a-helix has occurred in the SDS-treated material. Much further experimental work, supported by artifact calculation, is necessary before firm conclusions can be reached on such points. Recognizing these limitations, one may nevertheless conclude that the characteristic shifts and distortions of membrane optical activity as they occur in erythrocyte ghosts are no more than artifacts of their particulate nature.
